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ABSTRACT

An experimentd invesigation is presented of a novel vitiated coflow spray flame burner.
The vitiated coflow emulaes the recirculation region of most combustors, such as gas turbines or
furnaces, additiondly, since the vitiated gases are coflowing, the burner dlows exploration of the
chemistry of recirculation without the corresponding fluid mechanics of recirculation.  As such,
this burner dlows for chemical kinetic mode development without obscurations caused by fluid
mechanics.

The burner congsts of a central fud jet (droplet or gaseous) surrounded by the oxygen
rich combustion products of a lean premixed flame that is stabilized on a perforated, brass plate.
The design presented dlows for the reacting coflow to span a large range of temperatures and
oxygen concentrations.  Severa experiments measuring the reationships between mixture
doichiometry and flame temperature are used to map out the operating ranges of the coflow
burner. These include temperatures as low 300C to stoichiometric and oxygen concentrations
from 18% to zero. This is achieved by dabilizing hydrogentair premixed flames on a perforated
plate. Furthermore, dl of the CO, generated is from the jet combustion. Thus, a probe sample of
NOx and CO; yidds uniquey an emisson index, as is commonly done in gas turbine engine
exhaust research.

The ability to adjust the oxygen content of the coflow dlows us to steadily increase the
coflow temperature surrounding the jet. At some temperature, the jet ignites far downstream
from the injector tube. Further increases in the coflow temperaiure results in  autoignition
occurring closer to the nozzle. Examples are given of methane jetting into a coflow thet is lean,
goichiometric, and even rich. Furtheemore, an ar jet with a rich coflow produced a normd
looking flamethat is actudly ‘inverted’ (air on the indde, surrounded by fud).

In the specid case of gpray injection, we demondrate the efficacy of this novel burner
with a methanol spray in a vitiated coflow. As a proof of concept, an ensemble light diffraction
(ELD) opticd indrument was used to conduct preiminary meesurements of droplet Sze
digtribution and liquid volume fraction.

! part of an ongoing project supported by NASA Glenn Research Center NAG3-2103,
2 Presently with Ishikawajima-Harima Heavy Industries Co., Ltd. (IHI), Tokyo, Japan
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INTRODUCTION

A key ingredient of advanced combugtor design is the back mixing of hot combustion
products with incoming fue and ar (that is mixed to some levd). This important fegture is
absent in the widdy sudied smple jet flames issuing into a coflow of ar. In order to have
mixing with products and try to maintan samplicity, past research used a bluff body to sabilize
flanes. In such bluff body flames, the physcs of recirculaion is drongly coupled to the
chemigry, and independent variation of ether the mixing or the chemidry is imposshble
Furthermore, srong mixing mode or week chemidry is often not dlowed in the bluff body
configuration due to flame blow out. Two experimenta configurations overcome the limitations
of the bluff body abilized flame:

1. Coaxid jet into a coflow of hot combustion products (vitiated coflow).
2. Turbulent opposed jet flow where one jet could be reactants and the other jet
products of combustion.
Both configurations dlow intense turbulent mixing while mantaning a dable flame thus
providing the opportunity to examine turbulent mixing and combustion under the flow conditions
typicd of advanced combustors. Moreover, both configurations are especiadly amenable to
computational explorations aswell as optical diagnogtics.

Severd candidate configurations for the coaxid jet flame burner have been extensvey
investigated experimentdly to identify ther merits and shortcomings A summay of the desgn
selection process is included in Appendix B. Based on experimenta findings, the nove jet flame
burner has been developed. The oxygen rich combugtiion products of a lean premixed flame,
gabilized on a perforated brass plate, surround the central fuel jet. A schematic of the vtiated
coflow combustor is presented below in Figure 1, while some images of gaseous and liquid jets
can be seen in Figure 2. No igniter is needed since the fud emerging from the centrd fud jet
autoignites as it mixes with the hot coflow stream.

Jet Flame
(or spray)

/'./ Caflow

A’/ [ Potential Core

' Reacted Coflow
(2200 premixed flames)

Figure 1.
Vitiated Coflow Hame
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(a) Methanol spray in hydrogentair coflow (b) Methane gas jet in methane-air coflow

Figure2.
Photographic images of soray and gasjet in avitiated coflow.

There are severd types of flames that can be dudied in this combustor. One interesting
test that has been observed conssted of a rich methane coflow with an air jet. Figure 3 below
shows an image from this experiment. The reverse diffuson flame is actudly ‘insde out’.

Figure3.
An arr jet in arich coflow of methane and air.
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The gmple coaxid jet configuration dlows for the invesigation of <dient features of
advanced combustors, providing better fundamentd understanding of interactions between
turbulence and chemistry.  Specificdly, the smple geometry experimenta condition will provide
a criticd screening/testing of current as well as emerging numericd models. Because the burner
has open optica access, awide range of investigations with this novel burner is expected.

Experiments on this burner have begun to produce data that are being incorporated into
numericd modds of combugion. The combined experimentd and modding effort will provide
important information regarding:

1) The impact of unmixedness on flame characterigtics in terms of dability and pollution
emissons.

2.) The dructure of flames under highly turbulent flow regimes, where mixing and resctions
are more intense than what would be encountered in a gas turbine engine. This is a
necessity for improved models that span awide range of conditions.

3.) The potentid benefits of improving the interactions between chemistry and turbulence
by using better mixing modedls and reduced chemidtry.

The objectives of these experimental and numerica research efforts are to trandfer fundamenta
knowledge ganed from the coaxid jet flane study to industry and to provide essentid
information leading to the deveopment of mechanisic modds for pollution emissons These
models contain information heretofore unavailable and as such will provide the best ingght and
guidance in desgn and condruction of advance combugion in gas turbine engines, both in
arcraft and stationary power generation applications.

EXPERIMENTAL SETUP

Perforated Plate Turbulent Premixed Burner

The burner condsts of three man components, coflow mixture supply, flashback
chamber, and flame holder assembly. A schematic of the burner assembly is shown beow in
Figure 4. A 1.5-hp blower supplies the coflow air. The coflow fud is injected a the blower nlet
to produce a well-mixed mixture. The mixture travels through a plagtic, 4inch diameter hose
before it expands into the flashback chamber and exits out through the perforated plate. The
centrd jet dso enters through the flashback chamber and exits through the center of the
perforated plate.

Vitiated
Coflow Flame E“i\ /
Exit
&ssembly
1.5hp Flashback
Blower Chamber

| Burner
Positioner

o)

M
-\""-_

Figure 4.
Vitiated Coflow Combustor Schematic.
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The flashback chamber is an 8 inch pipe Sze danless sed compartment capable of
withstanding an increase of pressure and temperature due to flashback. A schemetic and picture
of the flashback chamber and flame holder assembly are shown in Figure 5. In the midsection of
this chamber, a 7.5 inch diameter by 25 inch thick uncoated ceramic monolith with 2x2 mm
channds provides an excdllent flashback arrestor and flow straightener.

Jet Flame
{or spray}

Reacted Coflow
;

/

Perforated
14— Brass Plate

Flashback Detectar
Jet __!‘ * Fuel Shul O

7
...

] ““Flame Arrestor

A \
B* Pipa

Lean Fusl/bir
Coflow

Figureb.
Flashback Chamber

The perforated plate is an excdlent flame holder. However, the fud-air mixture poses a
subgtantid threat of flashback. Flashback is the propagation of the flame upstream through the
holes of the perforated plate possbly generating explosve conditions. Therefore a flashback
sensor assambly was designed to automaticaly cut off the coflow fud a any dight increase in
pressure or temperature. Secondly, the flashback arrestor provides a cold barrier for the flame.
This safety system proved to be quick and reliable by a series of tests where the premixed gases
upstream of the perforated plate were intentiondly ignited.

The flane holder assembly conssts of the perforated plate, exit collar and certer jet
(Figure 6). The peforated plate has diameter and thickness dimensons of 8.75 and Yzinches
respectively. A numerical machine (CNC) drilled the 2200 holes (1/16 inch diameter) necessary
to achieve a blockage of 87%. A wide variety of hydrocarbon-premixed flames over a range of
goichiometries can be dabilized on the rapid heat disspating brass. An exit collar provides a
barier that creastes a complete, uniform, flat flame by preventing the entrainment of ambient air.
A water cail, only to minimize the radiation from the meta, coolsthis callar.
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Exil Collar
Cooling Coals

S (T

2200 hotes LLLELEELY (T

{2200 holes)
— —r"_\
Fuel Jaot ——M— > oo~ ;
{can be diluted with air) det / Nozzle Tube

(a) Schemdtic

(b) Photo

Figure®.
Flame holder Assembly

The flame of interest is hdd above the coflow flame tips such that the coflow can be
assumed uniform at the jet exit. This flame can be a fud jet or liquid spray that both could be
diluted by ar. We have recently demondrated the entire flat flame burner with centra fud jet
concept with fud jets of methane into the hot coflow and with sorays of methanol into the hot
coflow. Color pictures of these events ae included in the presentation and at
http:/euler.me.berkeley.edu/cdl.

Burner Range of Capabilities

A comprehengve control and safety system was developed for the vitiated coflow burner.
Coflow fud flow rate is supplied by bottles and measured with sonic-flow orifice meters. A
1.5hp blower, controlled by a frequency control, supplies the coflow arflow rate. Besdes
controlling the flow rates, an oxygen sensor measures the oxygen content of the products and a
type K thermocouple measures the flame temperature. A computer running the software
LabVIEW by National Instrumentsreads al €l ectronic sensor outputs.

A series of experiments were conducted to map out the operation range of this burner.
The coflow was st a a mass flow rate of 40 g/s of ar that has a cold bulk velocity of 1 m/s. The
flame temperature and stoichiometry were measured for each case and the results are plotted in
Figure 7 for the hydrogenrair mixture and in Figure 8 for the methane-ar mixture. On both
plots, the results are compared with those of an adiabatic reection. As can be seen from the
plots, there is a certain amount of heat loss that can be dtributed to the heat transfer with the
perforated plate and the water-cooled collar by the recirculation a these surfaces. Before getting
to the blow off point, the hydrogen mixture had a stoichiometry of 0.17 and a temperature of 560
K compared to a stoichiometry of 0.53 and temperature of 1120 K for methane. The upper limit
was constrained by the amount of heat produced by these flames that can generate on the order
of several hundred kW of thermal power.
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Operating Range for H.-Air Coflow
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Figure7.
Temperature vs. fue to air rétio for hydrogen-air coflow.

Operating Range for CHg-Air Coflow
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Figure8.
Temperature vs. fue to air ratio for methane-ar coflow.

The preceding data shows that a wide range of hydrogen-ar turbulent premixed flames
can be stahilized on the perforated plate burner. Accordingly, this combustor has the capacity for
the exploration of alarge range of Damkohler numbers.

Ensemble Light Diffraction (EL D) Optical System

The Malvern/INSTEC EPCS (Ensemble Particle Concentration and Size) instrument
system is designed to continuoudy measure and feed back particle sze digribution information
from mixtures of aerosols or powder. The EPCS uses the ensamble light diffraction (ELD)
technique to messure the partide dze didribution.  This sysem implements the fraunhofer

NASA/CR—2000-210466 7



theory that gives the reationship between the angle a which the beam is scattered by a particle,
and the sze of that particle.

Figure 9 shows a schemdtic of the EPCS unit. The system congds of a laser diode, lens
and two detectors. The laser is a 670nm, ~6mW laser diode. The scattering detector has log
scded annular detectors a various radii and a smdl center hole through which the incident beam
passes. The incident beam is focused a a sharp point at the center of the second detector, giving
a measure of the trangmisson through the soray. A computer running the RTSIZER (Red Time
paticle SIZER) by Malvern/INSTEC executes the daa reduction. An image of the system is
included in the presentation, Appendix D.

- Scattering
Scattering Scattered st
Angle Light Ray

La&er :f::'_"':__-___ ____——-—-—"_{_\ _— @
Dicde 1T T_h___“‘-—h_____ —_— %

Laser  paticle

el Beam Power
Lens Detector

Figure9.
Ensemble Light Diffraction Optical System.

Based on the geometry of the system, the scattering detector provides the capability to
measure the light intendty for severd scatering angles  The paticle dze didribution is then
caculated:

Sa)=4a,c, V() (1)
Usng the scaitering sgnd S(q) the sysem caculates a discretized particle sze digtribution
V(dj) via a transform function C;;. The transform function is determined by particle and system
optica properties.

The beam power detector measures the transmisson through the spray. The Beer-
Lambert Law relates this transmission to the volume concentration of the particles.

T=¢e (15CyLQ/D3,) (2)
The trangmisson T is measured while the Sauter mean diameter of the particle sze digtribution
D3, is cdculated via the distribution V(d). The optica path length L is approximated via the
vetica podtion and the manufecturer specified goray angle.  The light scattering efficiency Q
depends on the indrument geometry and is gpproximaey 2 for most cases.  The volume
concentration C, is desred and can be readily cadculated with the known parameters and
equation (2).

Spray Nozzle

For this sudy a nozzle provides the spray flame of methanol. The Ddavan fud Nozzle
(#67700-5) has a 45° spray angle and a fud number of 0.7. A drawing of this nozzle is included
in Appendix C. The fud number determines the mass flow rate given the backpressure on the
nozzle.

NASA/CR—2000-210466 8
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' — ) . ? -4 kg/SO

m(kg/s)= FN./ P(ps)é1.26x10 o/t 2 (4)

For this experiment, the nozzle pressure was set & 35 pg, giving a methanol mass flow rate of

~0.5 g/s. The nozzle exit is 63 mm above the perforated plate surface. The coflow had a flow
rate of 40 g/s for ar and 0.35 g/s for hydrogen  =0.3), the cold bulk flow had a veocity of 1
n/s. The resulting temperaiure was 955 K. The amount of therma energy produced by the
coflow is 50 kW, while the spray generates 10 kW.

RESULTS AND DISCUSSION

The flame measured is shown below in Figure 10. As can be seen, the orange plume is a
source of high radiation, which had to be accounted for and is discussed later in this section.
This orange light is due to the high temperature sodium impurities of the methanol spray.

Figure 10.
Images of the methanol spray flame.

Presented below in Figures 1lla-d are the droplet sze didributions for three verticd
positions, @ the lowest pogtion (22mm above the nozzle exit), a the soray mid-section (hafway
up), and a the flame front. In tota, nine vertical podtions were investigated, the complete set of
droplet size didtributions are presented in Appendix A.

NASA/CR—2000-210466 9
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Particle Diameter (Um) Particle Diameter (Lim
(c) Hame Front, z=125mm (d) Hame Front, z=125mm (corrected)
Figure 11.

Particle 9ze digtributions a three verticd pogtions.

Although it was a gable soray flame, the flame front did fluctuate in and out of the laser
beam path a z = 125mm above the nozzle. Due to the radiation of the flame, the rings measured
added intendty. Since the ring detector areas are log scaled @maller areas closer to the center),
the outer rings detect more and more of this radiation, thus giving fase readings for the smal
end of the gze didribution. This can be seen in Figure 11c where particle Szes between £3nm
are reported to have sgnificant populations. This data set was corrected by omitting the outer
detector rings from the calculations; the corrected size didtribution is shown in Figure 11d.

It seems apparent that the droplet szes do not change considerably until the droplets
actudly reach the flame front. Along with the droplet size didribution, the cumulaive volume
percentage is aso plotted in Figures 11a-d. An accepted measure of the average particle sze is
the 50% volume diameter Dy(50), which is the diameter under which 50% of the cumulaive
volume exigs The hdf volume diameter for each vertical postion was plotted on Figure 12
beow. The only deviation from the relatively uniform droplet sze occurs a the flame front, and
for this cdculation the data was not corrected for the flame radiation. There is no sgnificant
change in droplet Sze between the nozzle and the flame front.
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Figure 12.
Dv(50) of pray vs. vertical position.

Another measure of the spray is the volume concentration of droplets. The change in the
volume concentration in the spray is shown below in Fgure 13. For these cdculations, the
Deevan specified spray angle of 45° was incorporated to determine the path length L used in
equation (2) to determine the volume concentration. As can be seen in the figure, this change in
concentretion is not dgnificantly different from its change due drictly to droplet divergence. In
other words, the area of the spray at any vertical position is proportiona to Z, subsequently the
concentration is proportiona 1/Z which is approximaely the same reaionship shown in Figure
13.

Spray Volume Concentration

180

— —_— — —

o0 L) | T N fap]

i L) L) L] i
I 1 I I I

L)l
L8]
1

Cv (PPM) of Liguid Methanol
I
i

Cv=2200z2%

(]
=)
1

L

0 50 100 150
z (mm)

Figure 13.
Spray volume concentration vs. vertical postion
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The reaults given here is the fird gep in the invedtigation of a liquid spray in a vitiated
coflow. Droplet szes remain uniform in the goray region between the nozzle exit and the flame
front and subsequently; the volume concentration diminishes with the spreading of the spray.
With these results, one may want to assert that the time over which the droplets evaporate and
burn is extremely short and that the hot coflow has little impact on the liquid spray up until that
point. However, due to time condraints and the small number conducted tests, these and any
conclusions would be premature.

Currently, the effort to study these liquid sprays in hot coflow continues. The verticd
pogtion of the flame front has been observed to be dependent on the coflow stoichiometry and
temperature.  Globad emissons of the soray must dso be measured.  Therefore further
investigations of methanol sprays are needed in addition to possible diesd, kerosene or water
sprays.

Ongoing research efforts on the vitiated coflow gaseous jet flame are focused on the laser
Raman scattering that will be performed at the Combugtion Research Facility a Sandia Nationa
Laboratories.  The overdl objective is to provide a dmple burner and a database of
measurements for anumber of liquid and gaseous fud jets.

CONCLUSIONS

The vitiated coflow combustor presented here provides a flame where the recirculation
chemigry inherent in many combustion systems is decoupled from the associated recirculation
fluid mechanics. The exhaust products emanating from a perforated brass plate burner are the
coflow oxidizer for the jet flame (liquid or gas) that emerges from the center of the perforated
plae disk. With a hydrocarbon fuel jet emerging from the center of the hydrogen co-flow
premixed flame, dl of the CO, generated is from the jet combustion. Thus, a probe sample of
NOx and CO, yidds uniquedy an emisson index, as is commonly done in gas turbine engine
exhaust research.

Adjugting the coflow gtoichiometry varies the coflow oxidizer temperature. A map of the
operating ranges for the burner was developed; these include temperatures as low 300C and
oxygen concentrations of 18%. Hence, this burner can be used to investigate a large number of
flames.

Opticd measurements of a methanol flane provide prdiminary information of the
behavior of sprays surrounded by hot oxygen, nitrogen and water. Even though the findings
present some interesting behavior in the spray, no concluson can be made until more
experiments can be conducted to confirm the data.
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Appendix A.

Complete set of droplet sizedistributionsfor each vertical position

Z isthe vertica digance from the nozzle exit.
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Appendix B.
Combustor Design Selection

The design objective was to create a combustor where a flame is completely surrounded
by a coflow of hot products (vitisted) from an upstream flame or cadys raher than cold,
ambient air. In order for the testing volume to be sgnificant, alarge area coflow is needed.

In brief, the experimental program is to study a jet with a coflow. However, the coflow
must be designed to have hot coflowing products (vitiated) as the oxidizer instead of smply air.
In this way, a parabolic jet flow, with excdlent optical access, can emulate the recirculaion zone
of a gas turbine combustor. In time, we expect that the central jet can be rich, lean, swirling, and
contain droplets. Thus, we see this burner as a workbench for a wide variety of flows.
Accordingly, it was most important that we sdect a coflow burner that would be usgble for dl of
the above applications. Below, we describe the severa burner configurations that we considered.

1. Catalytic Burner: A 2 inch diameter prototype combustor was built to test the design
effectiveness [Kean et ad 1998]. The catadysts used conssted of platinum supported on a
ceramic draight-channd monolith (200 cdls per square inch), smilar to those usad in
automotive catalytic converters. The tota length of catadysts was 10 cm. The fuels used
in this burner were CH;+H, and GsHg+H,. The equivalence ratio tested was as low as 0.3
and the flow veocity was on the order of 1 m/s This desgn proved too difficult to
maintain a stable, centered jet flame.

2. Coarse Porous Disk Burner: Following the same idea as grid turbulence burner (see
#4), a 2 inch coarse porous ceramic disk replaced the wire screen. There was no
observable improvement over the grid turbulent burner. Furthermore, there is no smple
way to add LDV or PIV paticlesto thisflow.

3. Tube Bundle Burner: A 2 inch burner was constructed usng 300 3/32 inch tubes.
These 3/32 inch tubes were arranged in a square pattern with gaps between adjacent
tubes. Fud and ar injection into the burner was peformed by two methods. In the first
caxe, fud flowed through the tubes, while ar flowed through the interstices surrounding
the tubes. This setup did not produce a sufficiently fla flame. In a second tedt, this
injection pattern was reversed:  ar flowed through the tubes, while fud flowed around
the tubes. A flat flame was achieved with this sstup. The lowest overdl equivaence ratio
achieved was 0.3 and the average speed at the burner exit was about 2 my/s. This burner is
a spin-off of the multiple diffuson flame burner described in the text by Fristrom (1995)
where he cites the research of Berl and Wilson (1961). More recently, this burner is often
cdled a ‘Hencken burner’ after commercia supplier (Hencken, Dublin CA.). The virtues
of this burner are mitigated by the expense when made in the 20 cm diameter burner used
here.

4. Grid/Perforated Plate Turbulent Premixed Burner: A premixed grid turbulence
burner is a cylindrical duct topped by a danless sed screen a the exit plane. A low
equivdence raio of 0.6 and veocity of 2 m/s was achieved with a fud mixture of
H2+CH4. Prdiminary explorations of a perforated-plate burner with 85% blockage
showed great promise.  One drawback is the posshility of flashback into the mixing
chamber.

After reviewing dl of the designs, the perforated plate burner proved to be the most successful
flame holder. Premixed methane in air, and hydrogen in ar flames are flat, sable, and lean. The
system aso has arather large range of operating conditions.
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Appendix D.

Presentation of thispaper at the 2000 Spring M eeting of the Western States Section of The
Combusgtion Ingtitute

Colorado School of Mines, Golden, Colorado
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Vitiated Coflow Combustor

NASA/CR—2000-210466

24

U.C. Berkdey, Combustion Analysis L aboratory



AJoleloge 1sisAeuy uoisnquo) ‘epdled OnN

ueo 1

AlBWOoIYo101S
oK JO Juswisn (e
a1 Aq ainresedws)

_ MO]JOD [0JJUOD

MO|J0D PoTeINIA

25

NASA/CR—2000-210466



AJoleloge 1sisAeuy uoisnquo) ‘epdled OnN

o4 T~ } Ueo ]

MO|JOD Uea ] ulsler

26

NASA/CR—2000-210466



AJoresoge1ssAeuy uolisnquo) ‘fepieg On

ues 1V

T e LTIy

MO|JOD oIy UISIC

27

NASA/CR—2000-210466



7l

£ | 20 90 0 Al ]
Gl 0~
Homo|g
glE|d PelelolsH
S1E|4 palelogsd = n
JNEGE Ly m—

MO0 Iy-2H 1o} abuey Buneladn

- 005

- 0051

- 0002

00SE

AJoleloge 1sisAeuy uoisnquo) ‘epdled OnN

) uAMOUMUN
3wl eddn .
M [002T'0SS] = 1 -
[G'0'STOl= 1
11y-uab0 IpAH

MO|[J0D ¢H Jo}abuey bBuireedo

28

NASA/CR—2000-210466



AJoleloge 1sisAeuy uoisnquo) ‘epdled OnN

7l ¢l L g0 90 70 s 0

0

GG o~b
HoMolg

- 005

sle|d palelofad
gle|4 peleIosd =
JNECE DY m—

"

mopod ig-*Ho 10} abuey Buneisadp

LWBISAS 1Sreyxa 10}
2 10y00]1‘) 0=} e

-

e i

M [00VT'00TT] =1 o
" lro'ssol=4 s
ly-sueyps

- 0001

- 0051

MO[J0D "HD Jo)abuey bBuire edo

29

NASA/CR—2000-210466



10109318 —
lamod weag 1 S[oIley weog

AJoleloge 1sisAeuy uoisnquo) ‘epdled OnN

H | r

opold
lase

[ @ ,Q\/\..,HH*

Aey b 9|buy

10}93le(] SEJEIN|fel bulianeos
buliayeos

WRISAS [eonndo a3

30

NASA/CR—2000-210466



A S0dd OJLIGNIURAEN

31

NASA/CR—2000-210466



AJoleloge 1sisAeuy uoisnquo) ‘epdled OnN

A7y UO112J1UBOUOD BWIN|OA BY] BUIWRR(

('P) A uonnguisip azis vdoip sulwePq

'] Uokssiwsuel] g
(‘b)s feubis BuleIeos aInsealu SI010918p Bury

SIUBWB INSES |\ UO110R J}}1 3 |quuissu ]

32

NASA/CR—2000-210466



S/W T
'S0 o7 :B1e1 MO|} MO|JOD
MGS6 ‘1 €0 1 MO[JoD

S/0 G'0 11 MO|} [oUeyB N
Isdge 2inssald ajzzoN

.G o|bue Aeids

/'0 ‘N4

9[Zzou pnj uenep(

awre|{ Aeids joueym A

33

NASA/CR—2000-210466



AJoleloge 1sisAeuy uoisnquo) ‘epdled OnN

(W) 13}aE! g aj2i1ied

o !
o
& 9 =
= 2
: ;
m u]! & T i 05 m
] =
& 7
s o (o =T S
o= i
LLLUS & =Z 72 . |EU=IEW
ploamy EI1E(] PIEN,
B 025 - BOEL S OOVESE uong s #2152 [01He sbelasy

suolnglisigazis w|douq

34

NASA/CR—2000-210466



051

AJole Joge ] sKsAfeuy uolsnquo) ‘Aepyleg 'OnN

(L) z () 2
0ol 05 0 051 oal as I
1 | D 1 ] 0
- - 0g - 0l
2 O0ETEAD 0
- O - 02
L
- 09 = L 0g
O
08 2 - OF
: DEW g
- 02l = - 09
Ly 1)
= I ¢
- ovl s AR SRR R o2
- 091 = & OEIPEY 10} - 08
palaaua 1ap
0gl 06

uoljesjuasuos awnjop Aeids

Aeids jo (ps)aq

(w) {og)aq

sP|doiq uo 1094j3 ON

35

NASA/CR—2000-210466



AJoleloge 1sisAeuy uoisnquo) ‘epdled OnN

‘JuoJj aure|}ay} jo uonsod

22 11J9A 3U) SBbueyd | MO|JOD UIasealou| e
JuUolJ} awe(} aly}

|nun abueyd 10u pip sePBWeIp SP|doipay ] e

awre|{ aJojog sPe|doiq uo 199113 ON

36

NASA/CR—2000-210466



AJoleloge 1sisAeuy uoisnquo) ‘epdled OnN

'S]|NSa.
9591 W 1JUOD 0] PPSBU e SJusLU LIBdXa IO | e

"JuoJj awe|)
0] Joud 8z1s 1 |doJp u1Sabueyo ou 0] |PWS e

abue. Buiresedo abie|e yrim seuing 1sngo.
'dI0e1PR e 8g 0] buinoid S1 JBuINg MO|JOD e

SUOISNU0D

37

NASA/CR—2000-210466



AJoleloge 1sisAeuy uoisnquo) ‘epdled OnN

' 192
4J.Jeasay uolisnquio) Sa1I0TeIoCe ] [eUoIeN
eipues e 1»lsnoaseb Jo sonsoulbelp ose .
'SjuBLUB INSEeall
(YON:“0D7900) Xepul UOKSSIWL [edo|) e
SpnJ pue
So) MO|} 9|ZZOU JUSBJJIP T8 00| 01 BNUIUOD)

SPON'S Jey M

38

NASA/CR—2000-210466



AJoleloge 1sisAeuy uoisnquo) ‘epdled OnN

JUSLUNJISU
SDd3 38Ul JO Ueo| 8y} JOJ SIUSWINJISU| UBARIN e

'(€0TZ-€DVN) HoYo Yolessal sIy)
10 1oddns JoJ BIue) Yoressay uus |9 VSN e

S1UBLIBDPS IMOUMD Y

39

NASA/CR—2000-210466



AJoleloge 1sisAeuy uoisnquo) ‘epdled OnN

101SNQWI0D MO[JOD PRTRIIA

40

NASA/CR—2000-210466



Addendum (post-presentation)

The report was presented at the Combustion Institute’ s Western States Spring
2000 Mesting. The meeting was held on March 13-14 at the Colorado School of Mines
in Golden, Colorado. Issues were raised during other presentations as well as during the
guestion and answer period that prompted further investigations and this addendum.

As presented in the report, the mean droplet size was rather uniform between the
nozzle and the flame front. For those analyses, the 50% volume diameter was used. It is
awidely preferred practice to use the sauter mean diameter rather than the 50% volume
diameter since it does not give extra weight to the larger droplets. Given this, the droplet
size history of the spray shown below in Figure 1 is much different than what was
presented.

Sauter Mean Diameter

70

60 1
o ¢
50 o ¢ * ¢
| .
E 40 1
I
[a) 30 N
4
20 1
10 1 Not Corrected’
for Radiation
0 T T T T T T
0 20 40 60 80 100 120 140
z (mm)

Figure 1.
Sauter mean diameter evolution (Fuel: Methanol, 0.5 g/s Coflow: Hp-Air, 40 g/s, f :0.3,
T:955K).

Thetrend in Figure 1 isin agreement with the results from other droplet research.
Mean droplet sizes should increase due to the boiling off of smaller droplets. Finally,
there is a drop off due to the complete combustion of the spray at 120 mm. Both the
corrected and not corrected data are presented.

Questions arose concerning the resolution and accuracy of our measurements.
The resolution of the system is limited by the size of the laser beam. As can be seen
above in Figure 1, the resolution seems to be adequate given the fact that the droplet
diameter is measured at about 20 nm at the flame front. The fact that only one laser is
used in these scattering experiments may also effect accuracy. Calibration of our optical
system and care to keep the spray as close as possible to the lens help minimize errorsin
the measurements.
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The volume concentration was determined with the optical path of the beam
centerline as estimated with the manufacturer specified spray angle. A presentation given
on diesal sprays showed that the simultaneous use of two lasers offers the capability to
measure the optical path and therefore get a more accurate measure of the volume
concentration.

Let it be stated here that the main focus of our work at Berkeley is to investigate
gaseous jet flames in avitiated coflow. It isthe intent of the presented research to get
preliminary, quick measurements of a spray flame. We hope that this will spark interest
in the use of our burner for spray research here as it has already done so in Germany and
Japan. A group in Germany is currently building a copy of this burner to be used for
Spray research.

Ricardo Cabra
3/20/2000

NASA/CR—2000-210466 42



Form Approved
REPORT DOCUMENTATION PAGE OMB No. 0704-0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this
collection of information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson

Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503.

1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
October 2000 Final Contractor Report
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS

Ensemble Diffraction Measurements of Spray Combustion in a
Novel Vitiated Coflow Turbulent Jet Flame Burner

WU-523-90-13-00

6. AUTHOR(S)

NAG3-2103
R. Cabra, Y. Hamano, J.Y. Chen, R.W. Dibble, F. Acosta, and D. Holve

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION

REPORT NUMBER
University of California at Berkeley
Department of Mechanical Engineering E-12462
Berkeley, California 94720

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING/MONITORING

AGENCY REPORT NUMBER
National Aeronautics and Space Administration
Washington, DC 20546-0001 NASA CR—2000-210466
WSS/CI 00S—47

11. SUPPLEMENTARY NOTES

Prepared for the Spring Meeting of the Western States Section of the Combustion Institute sponsored by the Combustion Institute, Golden, Colorado,
March 13-14, 2000. R. Cabra, Y. Hamano, J.Y. Chen, and R.W. Dibble, University of California at Berkeley, Department of Engineering, Berkeley,
California 94720 (Y. Hamano presently in Ishikawajima-Harima Heavy Industries Co., Ltd., (IHI), Tokyo, Japan); F. Acosta and D. Holve, Process
Metrix, LLC, 2110 Omega Road, San Ramon, California 94583. Project Manager, James D. Holdeman, Turbomachinery and Propulsion Systems
Division, NASA Glenn Research Center, organization code 5830, (216) 433-5846.

12a.

DISTRIBUTION/AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

Unclassified - Unlimited
Subject Category: 07 Distribution: Nonstandard

This publication is available from the NASA Center for AeroSpace Information, (301) 621-0390.

13. ABSTRACT (Maximum 200 words)

An experimental investigation is presented of a novel vitiated coflow spray flame burner. The vitiated coflow emulates the recirculation region of most
combustors, such as gas turbines or furnaces; additionally, since the vitiated gases are coflowing, the burner allows exploration of the chemistry of
recirculation without the corresponding fluid mechanics of recirculation. As such, this burner allows for chemical kinetic model development without
obscurations caused by fluid mechanics. The burner consists of a central fuel jet (droplet or gaseous) surrounded by the oxygen rich combustion products
of a lean premixed flame that is stabilized on a perforated, brass plate. The design presented allows for the reacting coflow to span a large range of
temperatures and oxygen concentrations. Several experiments measuring the relationships between mixture stoichiometry and flame temperature are
used to map out the operating ranges of the coflow burner. These include temperatures as low 300 °C to stoichiometric and oxygen concentrations from
18 percent to zero. This is achieved by stabilizing hydrogen-air premixed flames on a perforated plate. Furthermore, all of the CO, generated is from the
jet combustion. Thus, a probe sample of NOy and CO, yields uniquely an emission index, as is commonly done in gas turbine engine exhaust research.
The ability to adjust the oxygen content of the coflow allows us to steadily increase the coflow temperature surrounding the jet. At some temperature, the
jet ignites far downstream from the injector tube. Further increases in the coflow temperature results in autoignition occurring closer to the nozzle.
Examples are given of methane jetting into a coflow that is lean, stoichiometric, and even rich. Furthermore, an air jet with a rich coflow produced a
normal looking flame that is actually ‘inverted’ (air on the inside, surrounded by fuel). In the special case of spray injection, we demonstrate the efficacy
of this novel burner with a methanol spray in a vitiated coflow. As a proof of concept, an ensemble light diffraction (ELD) optical instrument was used to
conduct preliminary measurements of droplet size distribution and liquid volume fraction.

14. SUBJECT TERMS 15. NUMBER OF PAGES
. 44
Combustion; Flat flame burner; Coflow; Flame 16. PRICE CODE
A03
17. SECURITY CLASSIFICATION |[18. SECURITY CLASSIFICATION | 19. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT
OF REPORT OF THIS PAGE OF ABSTRACT
Unclassified Unclassified Unclassified
NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89)

Prescribed by ANSI Std. Z39-18
298-102




